SURFACE CHEMISTRY

ADSORPTION
LECTURE-4



The phenomenon of attracting and retaining the molecules of a substance on the surface is called

adsorption. The substance adsorbed on the surface is called adsorfbare and the substance on which it is
adsorbed is called adsorbernt.

The adsorption of molecules on a surface is a necessary prerequisite for any surface mediated

chemical process. In the case of a surface catalyvsed reactions, the whole process consists of five basic
steps:

1. IDiffusion of reactants to the active surface.
Adsorption of one or more reactants onto the surface.

Surface rcaction.

Desorption of products from the surface.
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Daffusion of products away from the surface.

The abowve scheme not only emphasises the importance of the adsorption process but also 1ts
reverse., namely desorption.

Some common terminology

Substrate: Freguently used to describe the solid surface onto which adsorption can occur; the substrate
is also occasionally referred to as the adsorbernit.

Adsorbate: The general termm for the atomic or molecular species, which are adsorbed (or are
capable of being adsorbed) onto the substrate.

Audsorption: The process in which a molecule i1s adsorbed onto a surface of another phase.

Coverage: A measure of the extent of adsorption of species onto a surface (unfortunately thas 1s
defined in more than one way), usually denoted by the symbol 8.

How do molecules bond to surfaces?
There are two primcipal modes of adsorption of molecules on surfaces:
(1)) FPhwvsical adsorption ( Phyvsisorptiomn ).

{12 Chormaical adsorption (chormasorption ).



(i) Physical adsorption (Physisorption): The first type. known as physical adsorption i1s exhibited
by all substances at low and moderately low temperatures 1in which bonding 1s only by weak van der
Waals tvwpe forces. There is no significant redistribution of electron density in either the molecule or at
the substrate surface. It 15 characterized by low heats of adsorption, about 53— 40 kKJ per mole of gas. The
adsorption of hyvdrogen or oxyvgen on charcoal 15 an example ol physical adsorpuion.

(ii) Chemical adsorption (Chemisorption): In this tvpe of adsorption a chemical bond, involving
substantial rearrangement of electron density, is formed between the adsorbate and substrate. The
nature of this bond may lie anyvwhere between the extremes of virtually complete 1omic or complete
covalent character. Chemisorption is highly specific in character and depends on the chemical propertics
of the adsorbate and adsorbent. The heat of adsorption is guite high (40— 200 kI per mole). For
cxample, hyvdrogen i1s chemisorbed on mickel surface.

The differences between phyvsisorption and chemisorption are given in Table 10.1
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ADSORPTION OF GASES BY SOLIDS

Adsorption isotherms

Adsorption of gases by solids is very common. It depends upon several factors:

(i) Surface area

The amount of a gas adsorbed, besides depending upon the nature of the gas, 1s greatly dependent on
the surface area for a given mass of the adsorbent. It greatly increases with the increase in the surface
area of the adsorbent. It is because of this reason most of the adsorbents are used in finely divided or
porous form so as to provide large surface area.

(ii) Temperature

A decrease of temperature of the system leads to an mmcrease of adsorption. At lower temperatures, the
thermal energy is less and therefore more number of adsorbed molecules remain attached to the surface
and hence the adsorption is more.

(iii) Pressure

At a constant temperature, the increase of pressure leads to large adsorption of gases. The extent of
adsorption almost vary linearly with pressure up to a certain extent. After this further increase in
pressure would not lead to an increase of adsorption and the extent of adsorption becomes independent
of pressure.

At constant temperature, there exist some definite relationships between the amount of the gas
adsorbed (x/m) and the equilibrium pressure. Such relations are known as adsorption i1sotherms. Five
different general type of adsorption isotherms have been observed for the adsorption of gases on solids.
These are shown in Fig. 10.1.
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Fig. 10.1. Adsorption isotherms
Type I: Monolayer formation: Examples: N, at —195%C on charcoal and O, at —183°C on charcoal.
Type 1II: Examples: N, at —1959C on iron catalyst, N, at —195°C on silica gel.
Tywpe 1I1: Examples: Br, at 79°C on silica gel and I, at 799C on silica gel.
Type I'V: Examples: Benzene on Fe,O,; at S0°C.
Twvpe V: Examples: Water vapour at 100°C on charcoal.
In the case of chemisorption, only isotherms of tyvpe 1 are observed while for physical adsorption,
all the five types of isotherms are possible.
Tvpe I suggests the formation of umimolecular laver and the volume of the gas adsorbed reaches
a limiting value with the increase of pressure of the system. Type 11 and III curves can be explained by
considering the formation of several lavers of phyvsically adsorbed gascous molecules. This multilayver
adsorption occurs when the pressure of the gas 1s increased. Type IV and V adsorption isotherms are
expected when actual condensation of the gas takes place 1in the small pores and capillarmies of the
adsorbent.
Aodsorption isotherms of tyvpe I (in which the adsorption first increases rapidly with pressure and
then remains nearly constant) were first explained by Freundlich and later improved by Langmuir.
Adsorption isotherms of the type ITI—% have been explained by BET equation discussed later in
this chapter.



THE FREUNDLICH ADSORPTION ISOTHERM

It is an explanation of adsorption isotherms of Type I. AN empirical expression representing the isothermal
wvariation of the extent of adsorption with pressure as sugeested byw Freundlich is
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where "x” is the mass of the gas adsorbed by m gram of the

adsorbent at eguilibrivm pressure “p’ i.e . 2t is the amownt of T
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the gas adsorbed per gram of adsorbent, "k™ amnd "™ are constants
at a particular temperature and for a particular adsorbent and gas.
The abowve relationship is also called “classical adsorption
isothermm.” The guantity 1/M is generally less tham 1 imdictimge that
the amount of the gas adsorbed increases less rapidly than the
pressure. The plots of the amount of the sas adsorbed against | P —
pressure (shown in Fig. 10.2 are called Freundlich adsorption Fig. 10.2. Freundlich adsorption
isotherms). isothermm

At low pressures (say up to the point “a”) the graph is mnearly limear. Hence for low pressures
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For wvery high pressures (sayw bevond the point “bB7) the adsorption becomes almost independent of
Dressurse e,
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The state corresponding to the point “b” is called the saturation state and the corresponding
pressure p, is called the saturation pressure. For intermediate pressure in between *a’” and b’ obwviously
=/ will be proportional to “p’ raised to power lyving between O and 1., i e., fractions. Hence one may
Write
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The values of “k” and *n” for a given system can be determined by graphical method. On taking
logarithm ot both sides of the eguation ( 10.5). one gets

1
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Thus plot of log (x/m) against log p should be straight
Ihine wiath an intercept equal to log k and slope equal to (1./1)

(Fig. 10.3). T N
For adsorption of solutes from solutions bw solid xfﬂaf -
adsorbents, Freundlich adsorption eguation is written as = |8 =
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where *x7 is the amount of solute in grams adsorbed by “m’
grams of the adsorbent and C is equilibrium concentration

Ty
intercept = log k

of the solution. log P —————=

THE LANGMUIR ADSORPTION ISOTHERM Fig. 10.3: Plot of log (x/m) vs log p.

Whenever a gas is in contact with a solid surface there will be an equilibrium between the molecules of
the gas phase and the corresponding adsorbed species (molecules or atoms), bound to the surface of the
sohid. The position of this equilibrium depends upon a number of factors mentioned below:

1. The relative stabilities of the adsorbed and gas phase species involved.

2. The temperature of the system.
3. The pressure of the gas abowve the surface.
In general, factors (2) and (3) suggest that the surface coverage may be increased by raising the
gas pressure but will be reduced if the surface temperature is raised.
Irving Langmuir in 1916 developed an isotherm to describe the pressure dependence of the extent
of surface adsorption. He derived an expression for the wvariation of the extent of adsorption with
pressure on the basis of following assumptions:

1. The adsorption is monolayer ie., only one layer of adsorption of gaseous molecules takes
place.

2. All sites are equivalent and the surface is uniform.



The ability of a molecule to adsorb at a given =site is independent of the occupation of

neigghbornmngs sites. The adsorbed gaseous molecules do mot imteract with each other.

4. The surface of sohd contains ixed number adsorption sites.

5. Each site can hold only one gascous molecule and the heat of adsorption is constant for all
the adsorption sites.

Fractional coverage (0): The extent of surface coverage 1s normally expressed as the fractional
coverage, B

_ Number of adsorption sites occupied

0=
Number of adsorption sites available --(10.8)

This fractional coverage is often expressed in terms of volume as

0=V
A

im

where V is the volume of gas adsorbed at a particular temperature and pressure and V_ 1s the volume
of the adsorbate (gas adsorbed) at sufficiently high pressure so that the surface is completely covered
with a single (mono) layer of gaseous molecule. The rate of adsorption, dB/dt, i1s the rate of change of
surface coverage which can be determined by observing the change of fractional coverage with time.



The adsorption process between unadsorbed gas phase molecules AL vacant surface sites S5, and ococupiaed
surface sites 55 involves a dynamic equilibrivnm and can be represented as

= oM = = oM
MAcssuming that there are a fixed number of surtacae
sites prescent on the surtace, we mayw derive the Langmmuair ,;:l"’r':} >
isotherm by comsiderning that in thhis adsorpiion process £ \
there exists an eqguilibrivum between the unadsorbed gas 3 D

rhasc molecules (), the vacant surface sites (S) and
the species adsorbed on the surface (SA0%. Thuas, for a
non—dissociative (molecular) adsorption process, WWe IT1an
consider the adsorption to bhe represented by Faig., 1004, L L]
The abowve eguilibrivum process for the adsorption - -~
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At eguilibrium, the rates of these two processes become egual. On eguating them, we obtain the
value of equilibrium constant for the equilibrium reaction. Thus, at eguilibrium

k, [S] [A]l = k,  [SA]
. k, [SA]
k. (S]]
[SA]
K = —/————
or [S1A] --.{10.11)
where K = k_a



We may also note that:
= The concentration of adsorbed molecules |5A] 1s proportional to the surlace coverage ol
adsorbed molecules. i e.. proportional to O {(the fraction of the surface which 1s covered
with gaseous molecules).

= The concentration of the wvacant sites on the surface [S] is directly proportional to the
number of vacant sites, e, proportional o (1 — ).

= The concentration of unadsorbed gaseous molecules [A] 1s directly proportional to the
pressure ol gas p.

Therefore, we can write

Rate of desorption of gas molecules = k; B (since the concentration of [S5A] =< @)
and
Rate of adsorption of gas molecules = k_p (1— 8)
(since | 5] = 1— 8 and [A] == p)
Therefore, at egquilibrium, i1t follows that
ka F (1 —0) = kde
Hence, it is also possible to define another equilibrium constant, K, as given below:
5]
K, =
1 (1I—0y p e (1012
k
where K, = =
ky

Rearrangement of Eq. (10.12) then gives the following expression for the pressure dependence of
the surface coverage in the case of a simple reversible molecular adsorption process

K, P
I+K, p

E]_

...(10.13)

This is the usual way of expressing the Langmuir adsorption isotherm which relates the extent of
adsorption to the pressure of the gas at constant temperature. This 1s illustrated in Fag. 10.5. From this



figure it i1s clear that the extent of adsorption increases with increasing pressure. But of high pressure,
it becomes constant.
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Fig. 10.5: The Langmuir adsorption isotherm
: L : : v
The Langmuir adsorption isotherm may also be expressed in terms of volume as | 8 = v S0
. m
eq. (10.13) can be written as
P 1 1 . P
v V. K, V. (10014
If P/ V is plotted against P, one gets a linear plot with slope equal to 1/V__ and an intercept equal
1
to . Thus, the values of V_ K, can be calculated.



VARIATION OF SURFACE COVERAGE WITH TEMPERATURE AND
PRESSURE

The different form of Langmuir adsorption isotherm for sewveral wvalues of equilibrium constant K, is
also shown in Fig. 10.6.
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Fig. 10.6: The different forms of Langmuir isotherm at vamnous value of K

Fig.10.6 indicates that the surface coverage (0) increase with pressure. and approaches unity only
at very high pressures. Thus, two situations may arisc:
(i) 6 — K, P at low pressurc.

{(11) © — 1 at haigh pressure.

A plot of eguilibrivum surface coverage obtained at various combinations of pressure and temperature
15 given in Fig., 10.7. This suggests that as the temperature 15 lowered the pressure regquired to achieve

a particular equilibrinum surface coverage decreases.
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PHYSICAL SIGNIFICANCE OF CONSTANT K,

The constant K, . known as distribution coefficient, is actually egquilibrium constant for the distribution
of adsorbate between the surface and the gas phase. It 15 given by

K L= k:]uﬁdlrpl[L:l1 _— (& 1 0 10.15)
k::udw.rpn.un (1—a) P
At a given pressure the extent of adsorption 1s determined by the wvalue of K ! this in turm 1s

dependent upon both the temperature (1) and the enthalpy (heat content) of adsorption. The magmtuade
of the adsorption enthalpwv (a negative guantity itself) reflects the strength of binding of the adsorbate
to the substrate. The value of K ;| 1s increased by:
1. A reduction in the system temperature.
2. An imcrease in the strength of adsorption.
The equilibrium constant K, may be used to determine the enthalpy of adsorption for a particular
adsorbate/substrate svstem by studving the pressure—temperature dependence of the surface coverage.
Expenmentally same surface coverage can be determained at different pressures and temperatures

as shown in Fig. 10.8. Tt is then possible to read of a nmnumber of pairs of values of pressure and



temperature which wield the same surface coverage. From these values by using the Clausius-Clapeyron
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Fig. 10.8: Plot of pressure vs surface coverage
the enthalpy of adsorption can be obtained by plotting In P vs 1 / T. The plot vields a straight line
(Fig. 10.9). The slope of this line then gives the value of AH_, + R. Thus AH_, can be obtained.
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Fig. 10.9: Plotof ln pwvs 1 /T



THE BET ADSORPTION ISOTHERM

The Langmuir theory of adsorption is valid for monomolecular laver adsorption of gaseous molecules
over solid surface. Howewver, this theory does not take into consideration multitnmolecular laver adsorptions.
Multilayver adsorption was praoposced i 19358 by Brunawuer, Emmett and Teller (commonly known as
BET theory). The mualtilaver adsorption of gcascous nitrogen molecules on a solid surface is schematicallsw
showmn in Fig_ 10O, 10,

2nd layer dth laver \

Frd laver

’ - 1=t layer

Swmrface

O— Avdsorbate molecule (Mo

Fig. 10.10: Multilaver adsorption of N, molecules

The adsorption isotherms depicted in Fig. 10.10 have been interpreted by Brunauer. Emmett and
Teller on the basis of formation of multimolecular laver. Thev derived a theoretical expression, known
as BET adsorption isotherm., on a very similar lines adopted by Langmuir. The basic assumptions of
BET theory are:

(1) The adsorbed surface may have a definite number of active centers, all of which are egquivalent
in energy and other characteristics.

(11) The adsorption 15 multilaver.
(1i1) Each molecule in the first laver is a possible center for adsorption and the formation of

second laver: each molecule of the second laver is a possible center for the adsorption of
third layver and so on.

(iv) There is no interaction between two the neighbouring adsorbed molecules in the first and
subsequent layvers.



() There is dyvnamic eguilibriuum between two successive layvers. The rate of evaporation fromn
a particular layer 1s equal to the rate of condensation on the preceding layer.

(vi) The heat of adsorption of molecules in sccond and subseguent lawvers is egual to heat of
liguefaction E;. The heat of adsorption in first layer being different.

The formation of multilayer adsorption as shown in Fig., 10,10 may be represented by tfollowing
cguilibria:

A+ S = AS
A+ AS ——> ALS
A+ ALS T ALS

.................................. A 10.16)

A+ A S —— A S

where, A, 5, A5, A5 ete. represent the unadsorbed gascous molecule., the wvacant site of the adsorbent
surface, single molecule absorbed per vacant site, two molecules absorbed per wvacant site and so on.
The corresponding cguilibrivum constants of the various ceguilibria given byw EHg. (10167 arc :

. [ =]
j Sl
[~] [=]
e [AeS]
= [A] [AS] SR B |
S
[A] [ALS]
......... arnd so o
It 1= fTuarther assurmed that,
(i [A] == pressurc of the gas, f.e., [A] == P

(ii)d [|S] == fraction of the ftrec surface e, [S] == Q.
111y [AS] == fraction of surface cowverad ~wiath one molecule adsorption, f.e., [AS] =< O,

fiv) [AAL5S] = fraction of surface cowvered with two molecule adsorption. f.e. [ALS] == O,.

= s s (T | S T



Hence, Eq. (10.17) can be represented as

: P e,
o4
K., — —2—
> P o, 10, 18)
K, = 9
PO,
5]
E, = —
arnd n PO,

The magnitude of constant K | 15 very large as compared to the rest of the egquilibrium constants.
This 15 because the interaction between the adsorbate and adsorbent decreases wvery rapidly as the

distance from the surface is Increased. The difference between K, and K,...etc. is genecrally much
smaller than that between K, and K.,. As such it is assumed that
K, = K;=K, .....= K, — K e (1019

woere K ois the eguilibrivam constant correspornding the satarated wvapour-licguid eguilibrivarm and is givern
as

Saturatcd wapour Licuuicd,
then K — 1/pg (1O 20)
where, P, is the ecqguilibrium wapour pressurce of the liguid. "With the approximation givemn imn
HEg. (1019, the warious eqguilibrivum constants of Hg. (10182 mayw be represented as
i
B, = —1—
P o
K. = K = B>
By {121y
=
K = K = 3



Rearranging the abowve expression and making use of Eg. (10 20), we hawve

0, — K,P O

1 )
0, — K P O, — [P—U]P[K] P e,y — K_IP[E}EL,,
& K P O P L, P o, ., B L 2'5
= = PE;I 1 Pl‘:\- bl

....... and so omn

e 1O 22)

is assurmced that the entire adsorbent surtace is covwvercd themnm the total coverase of the fhirst

£ it
laser will be mivern by
O — O,y — O, + O, + O, ... — 1 10O 23)
O substatuting the value of B, &5 ... ... cte from Eg. (1O 227 inte BEqgq. (1O 23) we et
- - .
O, — 0, + K,P o, + K,P|g o, = Pl —Joe,_+ ... —1
LN e,
=
P P
O 9, = G, 1+ K Pqg1l-+§ — =+ — 4+ ... = 1 I o e 0y
P, L'
-« P -
since., = 1, we can wrile
Pﬂ

1+—+iz— —l—i_l— !
N e e e ., T I—(P/Py) ..(10.25)

Hence from Eqs. (10.24) and (10.25), one can write

Or — B"'[l - |—{Pu F"n,}]_ '

or 0. = L — 1— (P/Fy) L (10.26)
v K, P 1+ K, P —(P/P, )

T —(I*ﬂ* )




Further, the total volume of the adsorbed gas (V) 1s given by

H

V =V_ (0, +20,+30,+ .......... ) . (10.27)
where V' __ is the volume of the gas required for monolayer adsorption. Substituting the values of 9,

O0,. 05 ........from Eq. (10.22) into Eq. (10.27), we get
VM=V _KPoOo, A {1+ 2 (PP, + 3 {P;‘PU}Z +o H 1028

F P 5 1

- 1+2] — |+3] — | T i | =

But sincc [Pﬂ ) [Pu ] {I—PIPU:JE e 1O 225

therefore, the Eq.{10.28) simplilies as

K. P68
| g Vm | »
ﬂ—P-'"Pn}Z L ATO 300
Apgain on substituting the value of O, from Eq. (10.26) in to Eq. (10.30), we get
V., K, P
V= - L (10.31)

(1—FP,) (1+K,P—-PFP,)
The pressure P in Eq. (10.321) may be replaced in terms of relative pressure (P/P_,). For this one
can Wwrite
lJ
Pq
and then with the help of Eq. (10.20), it may be written that

1 | =
F"=E:[Pﬂ ] g 6 i Sty
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O substitation of Eqg. (1032 in Eg. (1031 one obtains
Vo (B /ED) (PP, )

T T )

. WO (PP )

or Z(l—I".-'I",}}[1+C [PL]_[PLJ] S (10.34)

wihere o= KK Ois a mew constant. Eqg. (10.34) is the well known Brunauwer, Emmmett and Teller
(B ET) cguation applicable for multilayver adsorption of gascous molaecules. Eguation (10O 34403 may be
rcarranged 1 the following rmanner:

) e (B () e

P P, 1 Py, 1 (< — 1P

—_— — = L .] ‘3

— W P, — P W, O A [ cree=sa
P LIS B (C— 1P

= VP, — P) v _ O ~_ P, 10 .36)

Eg. {10.36) is a general form of BET eguation for rmultilasyer adsorption of gases om solid

adsorbhent.
Thus=s, a plot of ' against i should give a straight lime whose intercept and slope are
WP, — P P,

O — 1

— arudd e — respoctively. The two constants W and € can thuas be cvaluated. Knowing thoe
e WL
walue of ‘-"m the surface area of the adsorbbent can be deterrmimedc .
. 1
Further, since b ard K = —
o P
Thaere lore, o =, P,E,;
CLAg
-
EL _— —
O ]
By,

O substituting the value of C in Eqg. (10.35) one gols

™I, o 1 ) 1 (P, —1)» P
WP, — ) R - o P, - (1O TD




If P, 1s much greater than P, then P, — P = P,and P/K, —1 =P K,
P

P 11
= — +
vV V, K, V

Thus, ...(10.38)

This Eq. (10.38) 15 1identical to the Langmuir adsorption isotherm Eq. (10.14).




Surface films

The compositions of surface lavers hawve been investigated by the simple but technically
elegant procedure of slicing thin layers off thie surfaces of solutions and analysing their
compositions. The physical properties of surface fillmms have also been investigated. Sur-
face films one molecule thick are called monolavers. When a monolaver has been trans-
ferred to a solid support, it is called a Langmuir—Blodgett failm, after Irving LLangmuir
and Katherime Blodgett, who developed experimmental technigues for studyving thern.

(a) Surface pressure

The principal apparatus used for the study of surface monolavers 1s a surface film
balance (Fig. 17.27). This device consists ol a shallow trough and a barrier that can be
moved along the surface of the liquid in the trough, and hence compress any mono-
layer on the surface. The surface pressure, i, the difference between the surface
tension of the pure solvent and the solution (o= ¥* — ¥} is measured by using a
torsion wire attached to a strip of mica that rests on the surface and pressing against
one edge of the monolaver. The parts of the apparatus that are in touch with liquids
are coated in polvtetrafluoroethene to eliminate effects arising from the liguid—solid
interface. In an actual experiment, a small amount (about 0.01 mg) of the surfactant
under investigation 1s dissolved in a volatile solvent and then poured on to the surface
of the water; the compression barrier is then moved across the surface and the surface
pressure exerted on the mica bar is monitored.
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Some typical results are shown in Fig. 17.28. One parameter obtained from
the isotherms is the area occupied by the molecules when the monolayer is closely
packed. This quantity is obtained from the extrapolation of the steepest part of the
isotherm to the horizontal axis. As can be seen from the illustration, even though
stearic acid (15) and isostearic acid (16) are chemically very similar (they differ only
in the location of a methyl group at the end of a long hydrocarbon chain), they occupy
significantly different areas in the monolayer. Neither, though, occupies as much area
as the tri-p-cresyl phosphate molecule (17), which is like a wide bush rather than a
lanky tree.

The second feature to note from Fig. 17.28 is that the tri-p-cresyl phosphate
1sotherm is much less steep than the stearic acid 1sotherms. This difference indicates
that the tri-p-cresyl phosphate film is more compressible than the stearic acid films,
which is consistent with their different molecular structures.

A third feature of the isotherms is the collapse pressure, the highest surface
pressure. When the monolayer is compressed beyond the point represented by the
collapse pressure, the monolayer buckles and collapses into a film several molecules
thick. As can be seen from the isotherms in Fig. 17.28, stearic acid has a high collapse
pressure, but that of tri-p-cresyl phosphate is significantly smaller, indicating a much
weaker film.



The themodynamics of suface ayers

the interface between hydrophilic and hydrophobic phases. A surfactant accumulates
at the interface, and modifies its surface tension and hence the surface pressure. To
establish the relation between the concentration of surfactant at a surface and the
change in surface tension it brings about, we consider two phases o and P in contact
and suppose that the system consists of several components J, each one present in
an overall amount n;. If the components were distributed uniformly through the
two phases right up to the interface, which is taken to be a plane of surface area @,
the total Gibbs energy, G, would be the sum of the Gibbs energies of both phases,
G = Glo) + G([3). However, the components are not uniformly distributed because
one may accumaulate at the interface. As a result, the sum of the two Gibbs energies
differs from & by an amount called the surface Gibbs energy, G{c):

G(o) = G—{Gle) + G(B)} Cinbe o 188 [17.45]

Similarly, if it is supposed that the concentration of a species J is uniform right up to
the interface, then from its volume we would conclude that it contains an amount
n, () of ] in phase ot and an amount m,() in phase B. However, because a species may
accumulate at the interface, the total amount of | differs from the sum of these two




armounts by s e ) — w2, — {re, ) i, (B33, This difference is expressed in terrms of the

suurface excess, .
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e suarface exocess rmay be cithher positive (am acocurmulatiorn of T at the imterface} or

Nnoegative (a deficicenocy thherel.
The relation betwvween the change in surface tension and thhe composition of a surface
{as expressed bhbv the surtace excess) was derived bhv Crxibbs. Ty the foaollowvwinmes Frestrifrocatzors

e derive the Gibhlbs isothermma, bhetwween thhe changes in thhe chhermiaical potentials of the

substances presemnt in thhe imnterface and thhe change inmn surface ternsior:
A — e s PR bs isotherr 1 1

Jdustificatiomn 17F.7F 77hs CGibhbs disoftbraerms
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becalunse at equilibrivrm thhe chemical potential of each component is the sarnme i
every phasc, g, () — g (B — gy (). Tuast as in the discussion of partial rmmolar guantities
{Secticorn S.1%, thie last eqgquaticon integrates at constant termpaeratiare to
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W e are seckinge a comnnection betrweern thhe chhamnge of suurface termnsiorn - and thhe
change of cormpositioarn at thhe imterface. Therefore, we wusese the argurment that i
Secticn S.1 led to thhe (Sibbhs— T abhverm eqguaticomn (eqgrm S. 123, bhbuat this rtirrse wwe Corrn—
Ppare thhe expression

AF(eF) = prder + o pr, Adre, ()
§

Cwwhich is walid at constamnt termperature )} wwith thhe expression for the sarme guarntity
but derived from thhe precedimgs eguuationm:
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The comparison implies that, at constant temperature,

ody + » ni{c)du, =0
7

Division by o then gives eqn 17.47.

MNow consider a simplified model of the interface in which the 01l and “water’
phases are separated by a geometrically flat surface. This approximation implies that
only the surfactant, 5, accumulates at the surface, and hence that I _; and I, , are
both zero. Then the Gibbs isotherm equation becomes

{l'}’——f:-.; d.nt"[S (17.48)

For dilute solutions,

Agt, = RT In ¢ (17.49)
where o is thhe molar concentration of thhe surtactant. It follows thhat
ol
Ay = —RTI  ——
Fas

al constant temperature, or

oy Yy . RTI g (17.50)
e Lt - c

1f the surfactant accurmmulates at the interface, its surface excess is positive and
eqn 17.50 implies that (D3 dc) - =< O. That is, the surface tension decreases when a
solute accumulates at a surface. Conversely, if the concentration dependence of pis

lknown, thhen the surface excess mav be predicted and used to infer thhe area occupied
byv each surtactant molecule on the surtface.



